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Abstract 
There are many chemical analytical techniques available to probe molecular structures. Nuclear 
Magnetic Resonance (NMR) spectroscopy is an analytical spectroscopy technique that exploits strong 
external magnetic field and is capable of elucidating and quantifying molecular structures at the 
atomic level. NMR spectrum is typically measured from dissolved materials or directly from solid 
materials.
The influence of magnetic interactions in solution and solid-state define the information 
that is obtainable from the NMR spectrum. The molecular motion and mobility play a key role. The 
obtainable spectral resolution in solid-state is usually lower than in the liquid state due to the presence 
of anisotropic interactions, which are not averaged out like in solution state. In NMR this means that 
the spectra, which contain the structural information, can be visually very different. These 
phenomena, combined with the need to obtain quantitative information, need to be addressed with 
proper considerations when acquiring and interpreting NMR data. This thesis focuses on the impact 
of relevant magnetic interactions in NMR via selected chemical structure studies of materials such as 
lignin, Ziegler-Natta (ZN) and aluminosilicate catalysts and cellulose.  
 
 
ii 
 
Tiivistelmä 
On olemassa useita kemiallisia analytiikka tekniikoita, joilla voidaan tutkia molekyylien atomitason 
rakenteita. Ydinmagneettinen resonanssispektroskopia (NMR) on analyyttinen spektroskooppinen 
tekniikka, joka hyödyntää voimakasta ulkopuolista magneettikenttää ja jolla voi tunnistaa ja määrittää 
molekyylien atomitason rakenteita ja määriä. NMR-spektri mitataan tyypillisesti liuotetusta 
tutkittavasta yhdisteestä, liuoksesta tai vaihtoehtoisesti myös suoraan kiinteästä materiaalista.   
Tutkittavien molekyylien magneettiset interaktiot määrittelevät pitkälti minkälaista 
informaatiota NMR-spektristä on mahdollista analysoida. Molekyylien liikkeellä on tässä asiassa 
suuri vaikutus. Saatavilla oleva NMR-spektrin resoluutio on tyypillisesti huonompi, jos NMR-spektri 
on mitattu kiinteästä materiaalista, kuin liuotetusta yhdisteestä. Tämä johtuu lähinnä anisotropiasta ja 
dipolaarisista kytkennöistä, joiden vaikutus liuostilan NMR-spektristä puuttuu. Käytännössä tämä 
näkyy siten, että liuostilan ja kiinteätilan NMR-spektrit voivat olla visuaalisesti hyvin erinäköisiä.  
Tämä spektrien fyysinen eroavaisuus yhdistettynä kvantitatiivisen atomitason tiedon määritykseen 
spektrin perusteella voi johtaa vääriin johtopäätöksiin. Tässä väitöskirjassa käsitellään magneettisten 
interaktioiden vaikutusta yleisesti NMR-spektroskopiassa ja NMR-rakennetutkimuksessa 
valikoitujen materiaalien (ligniini, Ziegler-Natta katalyytit, aluminosilikaatti katalyytit ja muokatut 
selluloosamolekyylit) avulla.  
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1 Introduction 
Nuclear magnetic resonance (NMR) spectroscopy is a technique that can probe the 
structure of a diverse range of materials at the atomic level. Since the discovery of NMR 
in the 1930s [1], and the subsequent development of Fourier Transformed NMR (FTNMR) 
[2] [3] and solid-state NMR (SSNMR) [4] [5] [6] [7] [8], it has been one of the main 
research tools for structure elucidation [9] [10] [11] [12] [13]. One of the reasons NMR 
has maintained its importance in the field of material research is because it can provide 
structural information in different material phases like solids or solutions. Due to this wide 
area of applicability, NMR has been used in both industry and academic research. In the 
field of biorefining, where new chemicals and high valued products are sought and made 
to replace fossil-based compounds, NMR can be especially very useful since the materials 
encompass a wide range of molecular sizes and may not be soluble in any media. Indeed, 
structural characterization in different material phases offers unique opportunities, but also 
challenges, since the mobility of the molecules differs substantially. In NMR, this means 
that the spectra, which contain the structural information, can be visually very different. 
This phenomenon, combined with the need to obtain quantitative information, need to be 
addressed with proper considerations when acquiring and interpreting NMR data. This 
thesis attempts to address these problems with respect to selected industrial applications 
that cover such materials as zeolite and Ziegler-Natta catalysts, lignin and cellulose. The 
theoretical aspects of NMR are kept at a minimal level and details concerning this can be 
found in the literature [14] [15] [32]. 
2 NMR spectroscopy 
Although NMR spectroscopy can be used to study the vast majority of nuclei found in the 
periodic table (with spin ≥ 1/2), usually the materials studied define the nuclei that are 
observed and commonly these include nuclei such as 1H, 13C, 15N and 31P. Similarly, as 
there exists a large variety of NMR experiments available and typically a selection of 
measurements are conducted, depending on the composition of the studied material and the 
information required from them.  
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2.1 Obtaining NMR spectra 
NMR driven material characterization and structure elucidation is based on measuring 
NMR spectra and interpreting this data. NMR spectra are typically presented in ppm scale, 
and referenced to the resonance frequency of a reference compound. In this way the data 
obtained can be compared easily, and also universally, as it results in a field independent 
ppm value [14]. In principle, all NMR experiments can be described using simple blocks:
preparation, evolution, mixing, and acquisition periods (Figure 1) [16] [10]. In the simplest 
one-dimensional (1D) NMR, only preparation and acquisition periods are included, 
whereas in two-dimensional (2D) NMR, all periods are included. In 2D NMR the evolution 
period is designed to allow certain, selected spins to evolve for a given length of time, and 
the mixing period is designed to transfer the magnetization between nuclei.  
Figure 1 General schemes for 1D and 2D NMR experiments. NMR spectra is obtained by 
applying a Fourier transformation (FT) to the acquired data. In 2D NMR, an evolution 
period (t1) is introduced to produce the second frequency dimension. 
What makes NMR so interesting is the fact that there exist several different magnetic 
interactions, or perturbations, that are affecting the nuclei in different ways under the 
influence of strong magnetic fields. These magnetic interactions can be described using the 
following general Hamiltonian [35] [14]: 
࣢ ൌ ࣢௓ ൅࣢ோி ൅࣢஼ௌ ൅࣢஽஽ ൅࣢௃ ൅࣢ொ ൅࣢ௌோ     (2.1) 
where ࣢௓ is the main Zeeman interaction of nuclear spin and external magnetic field B0,
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࣢ோி is the coupling between the nuclear spin with the applied radio-frequency (RF) field, 
࣢஼ௌ  is the chemical shift (chapter 3.1), ࣢஽஽ െ
ሺ͵Ǥʹሻǡ ࣢௃ is the indirect electron-
coupled dipole-dipole interaction (chapter 3.3), ),  ࣢ொ  is the quadrupolar coupling 
associated to spin >1/2 nuclei (chapter 3.4) and  ࣢ௌோ is the spin-rotation interaction. All 
these interactions possess an isotropic and an anisotropic part [14] and contribute with 
varying magnitude to the layout of the measured NMR spectra. In general, in liquid state 
NMR only the isotropic parts of the Hamiltonian determine the form of the NMR spectra, 
while in solid-state NMR the anisotropic parts can also contribute. This usually results in 
higher resolution spectra in liquids than in solids.  
In this study, the relevant perturbations are due to: a) chemical shift, b) dipolar 
coupling, c) indirect coupling, and d) quadrupolar coupling (for spins >1/2), which are 
briefly described. In liquids, we only retain the isotropic parts of a) and c). The isotropic 
values of b) and d) are zero (averaged out). In solids, all four interactions are non-zero and 
are contributing to the appearance of the NMR spectrum, usually by broadening the 
observed signal linewidth. In order to obtain quantitative data based on the NMR spectra 
in solution and in solid-state, these interactions and their consequence need to be 
considered (Chapter 3). Figure 2 illustrates those magnetic interactions, and other factors 
that are making a contribution to the final spectrum and are thus relevant from a
quantitation point of view.   
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Figure 2 Relevant magnetic interactions and factors influencing spectral appearance and 
signal quantitation in solid-state and solution state NMR.  
2.2 Obtaining quantitative NMR data   
NMR spectroscopy is inherently a quantitative analytical method, provided certain 
precautions are taken. However, most of the NMR experiments, mainly multidimensional 
but also experiments with more sophisticated pulse schemes, usually result in non-
quantitative spectral data due to several factors such as pulse imperfections, NMR 
hardware instabilities and the lack of uniform response of the sample [17] [18]. 
Quantitative NMR is a very attractive analytical choice as materials can be studied
both in solution and in solid-state. The visual appearance of a solution state and solid-state 
NMR spectrum can be very different though, mainly due to the impact of different 
magnetic interactions causing severe line broadening depending on the molecular motion.
This is mainly the case for the solid-state NMR spectrum, where all magnetic interactions 
are involved (Figure 2) and in turn typically causing the NMR FID signal to decay very 
fast and hence produce broad lines in the NMR spectra. This also has another consequence 
as the obtainable linewidth in solid-state NMR spectrum is sometimes insufficient to 
provide certain structural information as the signals are overlapping. Besides the magnetic 
interactions, there are several other factors, in addition to the already mentioned ones, 
affecting the quantitation in NMR spectroscopy. These factors include for instance sample 
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condition, sample preparation and data processing (Figure 2) and the reader in kindly asked 
to look in the literature for an in-depth analysis of these topics [10] [19]. 
In quantitative NMR, the signal areas in the NMR spectrum are proportional to the 
number of nuclei giving rise to it. To obtain quantitative data, the main issues to be 
addressed are utilization of the correct repetition time between pulses to allow the spins to 
relax back to thermal equilibrium and the consideration of the nuclear Overhauser effect 
(nOe). The importance of the J-coupling to adjacent nuclei is also important when 
magnetization is transferred via this interaction e.g. in 2D HSQC NMR experiments [21] 
[20]. 
As the T1 relaxation processes follow the same mechanism in solid and solution- 
state [14], the relevance of using correct recycle times applies in both phases, although the 
T1 values may vary significantly. If 90° excitation pulses are to be used, usually recycle 
times of 5 X T1 are needed (recovery of magnetization >99%) [21]. For example, T1 (13C) 
values for certain crystalline polyethylenes in solid-state can be a few thousand seconds 
[22], which would make recycle times of the order of hours, which is really impractical 
from the instrument time point of view. In rigid systems where we are observing the less 
abundant spins S (e.g. 13C) surrounded by more abundant spins I (e.g. 1H) a cross-
polarization (CP) pulse scheme can be used. In this case the magnetization is transferred 
from the I spins to the S spins and the repetition time is then defined by the I spin, which 
usually has usually much shorter T1 values [23]. However, the data obtained using CP are 
no longer strictly quantitative per se as several factors are affecting its operation (CP 
dynamics). 
Generally speaking, NMR experiments are always relative measures of signal 
intensities. This means that absolute population quantities need to be measured indirectly, 
using an internal or an external standard (referencing and calibration). Without the 
utilization of a standard sample, the NMR instrument related stabilities would also remain 
unknown. Related to this, a reasonable signal-to-noise (S/N) ratio in the NMR spectrum is 
needed in order to identify signals from the noise and to carry out reliable signal integration. 
As the NMR sensitivity is inherently weak [24], improvements in the NMR hardware, such 
as dynamic nuclear-polarization (DNP) [25] [26] or cryogenically cooled probe heads [27] 
[28] are improving the sensitivity and thereby enabling higher S/N to be obtained in shorter 
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periods of time.  
2.3 Rationale of choosing correct NMR experiments   
Due to the wide applicability of NMR spectroscopy, selecting the proper NMR experiment 
is important. Choosing the NMR experiment based on the studied materials is important 
for realizing the potential information that is obtainable from different experiments. For 
example, the 1D 1H NMR spectrum in solution state is the easiest and usually also the 
quickest experiment to be measured from small organic molecules, whereas in solid-state 
NMR obtaining a high resolution 1H NMR spectrum can be problematic. This is because 
the 1H-1H coupling network in solids broaden the signal linewidth even under MAS 
(Chapter 3.2), and usually only a few, broad signals are observed in 1D solid-state 1H NMR 
spectra. There are exceptions though, like well-ordered zeolite materials where the proton 
density is low and the –OH moieties are sufficiently distant from each other so that the 
coupling network is weak. Thus, for zeolite and related materials, 1D 1H solid-state NMR
experiments can be measured to derive useful information using MAS (Chapter 4.2). 
Utilization of the 1D 1H solid-state NMR experiment for cellulose based materials or other 
organic solids is of limited value unless special techniques are used, such as very fast MAS 
or multiple pulse NMR [29] [30], due to the strong 1H-1H coupling network and typically 
13C detection is preferred (Chapter 4.3). 
The key difference between solution state and solid-state NMR lies in the molecular 
movement. In solution, only the isotropic chemical shift and J-couplings are observed 
(Figure 2), whereas in solid-state all interactions are present and contribute to the observed 
signal. Unfortunately, this usually broadens the observed signals in solid-state NMR 
spectrum but provides information that is not obtainable with solution state such as 
information regarding material crystallinity or metal coordination information (Chapter 
4.4). All this kind of latter information is impossible to achieve using solution state NMR 
and sometimes it is important to measure the samples in solid-state even though the 
samples would be soluble to some media.  
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3 Magnetic interactions  
Even though NMR theory follows the same principles in solid and liquid material phases,
the relevance of the different magnetic interactions varies significantly. In the following 
paragraphs the relevant magnetic interactions affecting the appearance of the NMR 
spectrum are briefly introduced. The main interactions of interest here are the chemical 
shift anisotropy (CSA) and direct dipolar coupling – the usual sources of line broadening 
observed in solid-state NMR spectra (in the absence of quadrupolar nuclei). 
3.1 Chemical shift 
In a strong external magnetic field (B0) the circulating electrons (spin ½) of an atom cause 
the local magnetic field experienced by the nucleus either to increase or decrease (࣢ in 
eq. 2.1) This effect, also known as shielding changes the observed Larmor frequency (ߥ)
for individual nuclei and these changes in frequency are termed chemical shifts and give 
rise to different peak positions in the NMR spectrum for chemically different nuclei [31]. 
These peaks can be used to characterize the chemical structure of molecules.  
The chemical shift is determined as a sum of isotropic and anisotropic contributions: 
δ = δiso + 1/2δaniso (3cos2θ − 1 + η sin2θ cos 2ϕ),      (3.1) 
where θ and ϕ define the orientation of the chemical shielding tensor with respect to the 
external magnetic field B0 in a static frame [13]. In solution state, very rapid molecular 
tumbling averages out the anisotropic contribution and hence only the isotropic chemical 
shift remains and is observed in the spectrum. In a solid powder, all possible θ and ϕ
orientations are possible and a broadened signal line shape is observed due to the CSA 
(Figure 3). The appearance of the broad line shape or ’’powder spectrum’’ depends on the 
symmetry of the local electron environment around the nuclei. Typically this is seen as a 
signal broadening caused by the individual molecule orientations with respect to B0
forming the observed line width and shape (Figure 3). The chemical shift can be defined 
by three principal values δ11, δ22, δ33 (typically following positive high-frequency order 
δ11> δ22> δ33) in the principal axis of the nucleus [32] [132]. In solution state only the 
isotropic chemical shift is observed (i.e δiso = 1/3(δ11 + δ22 + δ33)). In order to attenuate the 
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effect of this anisotropic interaction in solids, a special technique called magic-angle 
spinning (MAS) can be used. 
 
 
Figure 3 Typical appearance of a powder spectrum observed in solid-state NMR where the 
individual molecule orientations with respect to B0 form the sum of the observed line shape 
in the presence of chemical shift anisotropy (CSA). The positions of the principal 
components (δ11, δ22, δ33) are labelled and some individual crystallites are highlighted. 
 
 
The MAS technique is used to remove anisotropic interactions and obtain high-resolution 
NMR spectra. Among the known magnetic interactions, chemical shift, heteronuclear 
dipolar coupling and first-order quadrupolar interactions all have a similar anisotropic 
time-averaged first-order angular dependence according to [32]: 
 
ωanisov (3cos2θ−1) = 1/2 (3cos2θR−1) (3cos2β−1)     (3.2) 
 
This equation can be fulfilled when the angle θR is set to 0.9553 rad (54.736°). This angle 
is thus termed the ’’magic-angle’’ because when the sample is spun continuously at this 
angle fast enough (ωr>ωaniso) the anisotropic interaction is removed and high-resolution 
NMR spectra can be obtained [33] [34]. Technically, this is achieved by mechanically 
spinning the sample placed inside a rotor at 54.7° with respect to the static field (Figure 4).  
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Figure 4 In the MAS technique, the sample is spun rapidly at 54.7° with respect to B0 in 
order to remove anisotropic interactions, which cause signal line broadening in solid-state 
NMR spectra. 
The size of the chemical shift anisotropy is proportional to the external magnetic field (δaniso 
v B0). In practice, it means that very high MAS rates are needed in high magnetic fields to 
remove CSA interactions. An interesting feature is observed in the spectrum of an 
inhomogeneous line shape (e.g. chemical shift anisotropy, 1st order quadrupolar 
interactions or isolated dipolar coupled spin pairs), when the MAS speed is less than the 
size of the anisotropic interaction, i.e. ωr < ωaniso: these inhomogeneous line shapes break 
up into spinning sidebands (Figure 5A). The spinning sidebands are located at an integer 
of the MAS rate from their corresponding isotropic chemical shifts. For a strongly multiple 
dipolar coupled system, where the signal line shape is more homogeneous, this is not 
observed at the same low MAS rates or may be significantly broadened. For these tightly 
coupled systems, very high MAS rates (ωr > ωaniso) are required to produce a spectrum 
where only the isotropic chemical shifts are present (Figure 5B). Therefore, MAS is a
valuable technique which can effectively eliminate signal line broadening originating from 
both homo- and heteronuclear dipolar spin couplings, but the effectiveness depends on the 
nature of the dipolar coupling and the MAS rate (see chapter 3.2).   
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Figure 5 Schematic view of the effect of magic-angle spinning (MAS) on (A) 
inhomogeneously broadened line shape (e.g. CSA, isolated 13C-1H spin system), and (B) 
homogeneously broadened line shape (e.g. strongly coupled 1H-1H or nX-(1H-1H) systems). 
Spinning sidebands are marked with asterisks. Isotropic chemical shift (δiso) is highlighted 
to illustrate that its position (ppm) remains with different MAS rates.   
Although MAS technique per se is not affecting the quantitation, integral areas of the 
spinning sidebands should be included with the integral area of the corresponding isotropic 
chemical shifts when measuring quantitative NMR. The spinning sidebands may also 
contain valuable structural information of the studied materials, which cannot be derived 
from the isotropic chemical shifts alone (Chapter 4.4).    
3.2 Dipolar coupling 
Nuclei can have a dipolar coupling (also known as dipole-dipole, direct coupling), which 
is mediated through space and does not require the presence of chemical bonds (࣢ in eq. 
2.1). The size of this coupling exists at all distances but becomes large as the inter-nuclear 
distance decreases [14]. This coupling occurs as the magnetic nuclear spin produces a small 
magnetic field, which is felt by the second nucleus. As in the case for chemical shift, the 
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dipolar interaction (dIS) has an orientation dependency and may be defined by [35] [36]: 
dIS= -
μ0
4π
԰γIγS
rIS3
( ଷ௖௢௦
2θ-1
ଶπ )       (3.3)   
whereɊͲ is the vacuum permeability, γI and γS are the gyromagnetic ratios of nuclei I and 
S, ԰ is the reduced Planck constant, Ʌ is the inter-nuclear vector with respect to the static 
magnetic field and rIS is the distance between the two nuclei ( I and S). Dipolar coupling 
can occur between both homonuclear (I-I) and heteronuclear (I-S) spins and may be either 
inter or intramolecular. The dipolar interaction is typically averaged to zero in solution 
state due to fast molecular tumbling. However, in the solid-state a range of dipolar 
couplings exist and lead to a powder spectrum where both homogeneous and 
inhomogeneous line shapes can be present, depending on the coupling system [14]. The 
MAS technique can be used to suppress the dipolar coupling, but its success depends 
heavily on the type of coupled spin system. For an isolated I-S spin system, moderately 
low MAS rates can be used to remove dipolar interaction as the couplings are assumed to 
be heterogeneous and no coupling in between this spin pair and other nuclei exists (Figure 
6A). However, for so called homogeneous systems where I-I and I-S spins are coupled to 
the surrounding I spins (usually 1H), low or moderate MAS rates are not able to average 
out the dipolar couplings. This is because the strongly coupled surrounding I spin network 
is modulated in time and results in spin diffusion. In order to remove dipolar couplings in 
such systems, the MAS rates should be higher than the I-I coupling system corresponding 
to the homogeneous line shape width (Δν) (Figure 6B).   
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Figure 6 Schematic view of dipolar interactions and the effect of MAS to the spectrum for 
(A) isolated I-S spin pair, and (B) I-S and I-I spin pairs coupled to I system. For multiply 
coupled spin systems, very fast MAS rates are needed to remove dipolar couplings and to
obtain narrower signal line shapes.  
In solution state, the 1H decoupling power (in experiments where it is used) does not need 
to be high as the very fast molecular tumbling averages out the direct dipolar couplings and 
only the scalar dipole-dipole couplings need to be removed [37] [10]. In solids, high-power 
decoupling schemes need to be utilized [38] [39] since the 13C-1H and 1H-1H dipolar 
couplings are not averaged out and the size of the dipolar-coupling network is usually in 
the range of tens of kHz in organic solids where all spins are coupled to each other. 
The cross polarization (CP) technique [23] (combined with MAS and 
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high-power 1H decoupling) is the most commonly measured solid-state NMR experiment 
to acquire spectra from organic solid samples. The CP technique is mainly employed to 
detect nuclei with low natural abundance, like 13C (1.1%) [40] and 29Si (4.7%) [41], yet the 
technique can also be utilized for any other nuclei, e.g 31P (100%) [42]. In CP, the 
magnetization is transferred from an abundant I spin system (e.g. 1H, 19F) to the less 
abundant S spins (e.g. 13C, 29Si) in order to enhance their signal. This magnetization 
transfer provides two main benefits: first, signal amplitude is detected as an enhancement 
according to the gyromagnetic ratios γI/γS of the nuclei and secondly, the repetition time 
(TR) between the pulse trains is dictated by the I spin spin-lattice (T1) properties, which is 
usually much shorter than the T1's of the S spins. A standard CP pulse sequence is 
illustrated in Figure 7. CP is started first by applying a 90º -pulse to the I spins, followed 
by an r. f. field applied simultaneously to I and S spins satisfying the Hartmann-Hahn (H-
H) matching condition, i.e. γIB1I=γSB1S [6]. S spin signal acquisition is usually carried out 
in the presence of high-power I spin decoupling [38] [39]. The CP experiment typically 
results in non-quantitative data as there are several factors affecting CP dynamics (nature 
of dipolar couplings (both I-I and I-S), distribution of nearby I spins, Hartmann-Hahn 
conditions, spin-diffusion, molecular motion, relaxation processes and MAS rate), which 
ultimately produce the observed signals in the spectrum [43]. Different methods are 
available to get more quantitative data when using CP [44] [45] [46]. 
Figure 7 Schematic presentation of basic cross-polarization (CP) pulse sequence under 
Hartman-Hahn conditions γIB1I=γSB1S. Dashed lines in CP indicate T1ρ relaxation for I spin 
(B1I) and CP buildup for S spin (B1S) during CT. CT= contact time, AQ= acquisition time, 
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TR=repetition time. Black rectangles indicate hard rectangular 90º (π/2) pulses. High-
power I spin decoupling is shown in grey. 
3.3 Indirect dipolar coupling 
Another perturbation encountered in NMR spectroscopy that evolves between two spins is
the indirect coupling (known as J-coupling or scalar coupling), which requires the presence 
of chemical bonds and is observable via 1-3 bonds (࣢ in eq. 2.1) [14]. Indirect coupling 
is a weak magnetic interaction and is usually observed as chemical shift coupling patterns 
in high-resolution NMR spectra. In solution state, fast molecular motion averages the 
anisotropic part of the J-coupling and only the isotropic part of the J-coupling (also termed 
scalar coupling) is usually observed. Both I-I (homonuclear) and I-S (heteronuclear) J-
couplings exist and serve as an important route for magnetization transfer in many 
multidimensional NMR experiments such as in the HSQC experiment [47]. 
Sometimes, the 1D NMR spectrum is too crowded for signal assignment 
due to signal overlap. In order to separate overlapping signals, especially for 1H (chemical 
shift range ~10 ppm), a second dimension is introduced to create a 2D NMR spectrum, 
which provides improved resolution. With 2D NMR it is also easier to assign and, possibly 
also, integrate signals. This is especially the case for lignin and related compounds where 
there is a large distribution of molecular structures that leads to 1H NMR spectra that 
provide very little information concerning the molecular structures. To overcome this, 2D 
[1H-13C]-NMR experiments for lignins are widely used as the introduction of the carbon 
dimension provides sufficient resolution and dispersion to detect lignin structural features 
[48]. One of the widely used multinuclear NMR experiments is the heteronuclear single-
quantum coherence (HSQC) experiment [47] where the polarization is transferred from 1H
to X nucleus (e.g. 13C) using an insensitive nuclei enhanced by polarization transfer 
(INEPT) block [49]. As in the CP experiment, the sensitivity is enhanced by a factor of 
γH/γC and the repetition rate is dictated by 1H, but in INEPT the magnetization is transferred 
from the protons to carbons via J-couplings and the effectiveness of this magnetization is 
more dependent on the J-coupling value than direct dipolar couplings. The natural range 
of 1JCH couplings for organic compounds are in a range of 115-220 Hz [50] and usually a 
compromise value of around 140-150 Hz is chosen for the [1H, 13C]-HSQC experiment for 
lignin related materials. The basic HSQC experiment is depicted in Figure 8. Similar to the 
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CP pulse scheme, an HSQC experiment typically results in non-quantitative data mainly 
due to variations in J-couplings, off-resonance effects, and different relaxation processes.
Different HSQC pulse schemes are available for more quantitative data via J-coupling 
compensation [50] [51] [52].  
Figure 8 An HSQC NMR experiment without S spin decoupling. The τ values are adjusted 
according to match the 1JIS couplings (1/4JIS), d1 is the repetition time between the pulse 
trains and t1 is the evolution period for the S spin. Black and grey rectangles indicate hard 
rectangular 90º (π/2) and 180º (π) pulses, respectively.  
3.4 Quadrupolar coupling 
Quadrupolar coupling (CQ) (࣢ in eq. 2.1) exists for nuclei with spin I >½ and is caused 
by the quadrupole moment (eQ) and electric field gradient (EFG) [14]. The quadrupole 
moment (eQ) is due to asymmetry of the electrical charge in the nucleus and the EFG due 
to the non-spherical distribution of electrons surrounding the nucleus [32]. When the 
electron asymmetry is large around the nucleus, the EFG together with quadrupole moment 
(eQ) results in a very large quadrupolar coupling (CQ) value [53]. In solid-state NMR, this 
can result in very broad signal line widths and also affect the nutation frequencies [54]. 
The degree to which the magnetization is affected by the r. f. pulse is also dependent on 
this CQ; for large CQ the central transition of a quadrupolar nucleus nutates at a higher 
frequency (Figure 9). In solution state, the quadrupolar interaction is usually averaged to 
zero in the spectrum but makes a significant contribution to the relaxation of the nucleus 
[14]. 
For quadrupolar nuclei in solid-state NMR, the most reliable method for acquiring 
quantitative data is the direct polarization (DP) technique combined with MAS [55]. 
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Taking into consideration the complete spin-lattice T1 relaxation of the observed nuclei, 
the DP technique provides quantitatively reliable signal areas in the NMR spectrum if care 
is taken when selecting the angle of the excitation pulse. Using direct polarization, an 
excitation pulse π/2 (90º) giving maximum signal may be used for spin ½ nuclei, whereas 
for quadrupolar nuclei (I > ½ and large CQ) short pulses are needed for quantitative results 
even if a relaxation delay of 5 x T1 is used. This is due to the faster nutation frequency of 
the quadrupolar nucleus versus the pulse excitation length (Figure 9).
Figure 9 Plot of a signal intensity for the central transition vs. excitation pulse duration (tp)
for spin I > ½ in two cases (ω1>> ωQ(1) and ωQ>> ω1(2)). Only the short pulse (a) duration 
provides quantitative NMR data in both scenarios. ω1 is the r. f. nutation frequency and ωQ
is the quadrupolar frequency. Schematic presentation assumes the simple direct 
polarization technique.  
If we have a sample with both small (or zero) and large CQ, we have nuclei with 
magnetization nutation profiles 1 and 2 (Figure 9). Only the short excitation pulses provide 
signal intensities in FT NMR spectra that are quantitatively comparable (marked with x).
Therefore, for samples with various quadrupolar interactions only the short direct 
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excitation pulses should be used to obtain comparable quantitative data [54]. The 
appropriate maximum pulse length (tp) may be calculated roughly using the equation: 
ቀܫ ൅ ଵଶቁω1tp ൑
గ
଺,         (3.4) 
  
where ω1 is the r. f. field strength and tp excitation pulse duration. For e.g.27Al (I=5/2), this 
means that the excitation pulse angle should be less than π/18 (≤ 10°) [54]. 
3.5 Relaxation and nOe 
In NMR spectroscopy, there exist mainly two different types of relaxation: longitudinal T1
(spin-lattice) and transverse T2 (spin-spin) relaxation. T1 relaxation is used to define the 
time of the nuclei to regain the original thermal equilibrium in the z-axis. This z-
magnetization recovery is taking place as the nuclei release their energy to the surrounding 
’’lattice’’ (hence the name). Typical T1 relaxation mechanisms include dipolar interaction 
(࣢ in eq. 2.1), chemical shift anisotropy (࣢ in eq. 2.1), quadrupolar (for spins I > 1/2) 
(࣢ in eq. 2.1), spin-rotation (࣢ in eq. 2.1), and also a relaxation mechanism via scalar 
couplings (࣢ in eq. 2.1) exist [14] [32]. In the absence of quadrupolar interactions, usually 
the dipole-dipole interaction is the dominating mechanisms for the T1 relaxation. Since the 
relaxation due to CSA is proportional to v B0, its size, in very strong magnetic fields, 
becomes comparable with direct dipolar couplings [56]. T1 relaxation is an enthalpic 
process, whereas the other type of relaxation in NMR spectroscopy, T2, is merely an 
entropic process. T2 relaxation does not involve any energy transfer but defines the process 
where precessing spins in the xy-plane are losing coherence. Both of these relaxation 
processes (T1 and T2) take place simultaneously and usually follow an exponential process 
(assuming zero initial magnetization in the z-axis). The T1 process can be described by: 
ܯz ሺݐሻ ൌ ܯ0ሺͳ െ ݁ି௧Ȁ்1ሻ        (3.5) 
And after a 90q (π/2) pulse, the T2 process can be described by:  
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ܯx,y ሺݐሻ ൌ ܯ0݁ି௧Ȁ்2         (3.6) 
where M(0) is the net magnetization at thermal equilibrium, and M (t) magnetization at 
time position t. Relaxation times have an effect on signal intensities in NMR spectra. In 
order to obtain quantitative NMR data, it is essential to have the correct repetition rate in 
order to allow enough time for the spins to relax back to equilibrium between the pulses. 
For instance, if π/2 (90°) excitation pulses are to be used (e.g. as in cross-polarization), 1H
recycle times of 5 X T1 of spins species with longest T1 are needed for the recovery of 
magnetization (>99%) [10]. Too fast, a repetition rate distorts the relative signal intensities 
in the NMR spectra if different spin species have different relaxation times and one or more 
of these does not relax back to equilibrium before a subsequent acquisition. Consequently 
the relative integrals will not reflect the true populations of the different spin species. 
The nuclear Overhauser effect (nOe) originates from certain spin transitions (known as 
cross-relaxation) between different energy levels of a dipolar-coupled pair during T1 
relaxation and may lead to increased or decreased signal intensities in NMR spectra [57] 
[14]. Since nOe is generated via dipolar modulation (through space) it has a distance 
dependency of 1/r6 and its sign and size depends upon the nuclei and on the molecule 
rotational correlation time (Wc) [14] [10] [58]. It is important to consider the effect of the 
nOe when trying to obtain reliable signal intensities for quantitation. This is especially the 
case in solution state NMR, where fast molecular tumbling provides the environment for 
this cross-relaxation to take place, and care must be taken to minimize the effect of nOe 
when quantitative spectra are required. Typically, this means that in order to obtain 
quantitative high resolution 13C or 31P NMR spectra, proton decoupling is turned on only 
for the shortest period of time, i.e. during acquisition to prevent the build-up of the 
heteronuclear nOe during the recycle time.
In the solid-state, the rigidity of the molecules does not usually provide an 
environment for dipolar modulation, and consequently heteronuclear nOe is typically not 
observed. There are exceptions such as some borane adducts [59] and lithium (6Li and 7Li) 
containing systems [60 ] [61 ], where the heteronuclear nOe has been observed as these 
materials possess fast moving dipolar coupled spins.
21 
 
4 Applications 
4.1 Lignin structure elucidation using J-coupling compensated 2D [1H-13C]-HSQC and 
1D 31P NMR experiments (PUBLICATION I) 
4.1.1. Introduction 
The total mass of lignin in softwoods and hardwoods is typically around 25-30 % and 20-
25 % [106] whereas in e.g. wheat straw, lignin accounts for 5-15 % [62]. Lignin is a 
complex heterogeneous biopolymer composed of three main aromatic units linked together 
by various inter-unit linkages (Figure 10).
Figure 10 Lignin structure is typically very complex. Example of a part of gross lignin 
structure, where the aromatic units are linked together via inter-unit linkages; β’-O-4 (aryl 
ether), β’-5 (phenylcoumaran), β-β’ (pinoresinol), and 5-5'-O-4 (dibenzodioxin).  
The main aromatic units are p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units 
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originating from p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, respectively 
(Figure 11).
Figure 11 The lignin precursors: p-coumaryl alcohol, coniferyl alcohol, and sinapyl 
alcohol forming lignin aromatic units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl 
(S), respectively. 
Aromatic unit composition varies depending upon the plant origin, with softwood (e.g. 
pine, spruce) lignin mainly composed of G units, together with a small amount of H units, 
whereas in hardwood (e.g. birch) both G and S units are abundant. The most abundant 
inter-unit linkages connecting the aromatic units are β-O-4 (aryl ether), β-5' 
(phenylcoumaran), β-β' (pinoresinol), β-1'(spirodienone), 5-5'-O-4 (dibenzodioxocin), and 
4-O-5' of which β-O-4 accounts for 30-40% and 40-50% of the total number of linkages in 
softwood and hardwood, respectively [63]. Also, α,β-diarylether structures have been 
found in wheat straw lignin [64]. Covalently bound heteropolysaccharides are also usually 
present in the isolated lignins forming so-called lignin-carbohydrate complexes (LCC) [65]
[66]. These carbohydrates may be bound to lignin through phenyl glycoside, ether, or ester 
linkages [67]. In the literature, the chemical structure of lignin is depicted in different ways 
[68]. 
 As the NMR spectroscopy is a non-invasive method, it is well suited for 
providing detailed molecular level information of lignin materials. Especially the 2D [1H, 
13C]-HSQC and 1D 31P NMR experiments have widely been used to determine the amounts 
of inter-unit linkages and other structural features of lignin [50] [69] [70] [71] [72] [73].
This detailed information is needed in the development of a conversion technology 
exploiting the lignocellulosic materials as a feedstock for producing biofuels and other 
chemicals.  
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4.1.2. Materials and methods 
For this work lignin samples were isolated from raw wheat straw (MTT Agrifood Research, 
Jokioinen, Finland) employing the enzymatic mild acidolysis lignin (EMAL) method. The 
same isolation method was employed before and after steam explosion (SE) treatment [74].
Isolation of EMAL lignin from non-treated and SE treated wheat straw involved the 
following four main steps: extraction of acetone-soluble material, ball milling, enzymatic 
hydrolysis of cell wall carbohydrates, and lignin extraction with a mildly acidic 
dioxane/water mixture. The lignin isolation protocol is explained in more detail in the 
literature. The model compound tricin (4’,5,7-trihydroxy-3’,5’-dimethoxyflavone, 
SelectLab Chemicals GmbH, Bönen, Germany) was used as received. 
 For the 2D [1H, 13C]-HSQC and HMBC experiments 50 mg of the lignin sample 
was dissolved in 1 mL DMSO-d6. NMR experiments were carried out at 303 K on a 600 
MHz (1H) Bruker Avance III spectrometer equipped with a cryogenically cooled CPQCI 
probe head. [1H, 13C]-HSQC experiment was measured using echo/anti-echo time 
proportional phase incrementation (TPPI) selection, and matched sweep adiabatic pulses, 
optimized for a 13C sweep width of 200-50 ppm, were used for all 180º 13C pulses [52].
Figure 12 A schematic presentation of 1JCH coupling values (dashed line) with respect to 
chemical shifts and corresponding structural units of lignin. Matched adiabatic sweep 
compensates for the differences in the transfer delays due to 1JCH coupling constants. In 
this study, the sweep width of 50-200 ppm was optimized neglecting the aliphatic region. 
1JCH
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aliphatics
-CH2-, -CH3
50-80 ppm
interunit linkages
-CH-
100-130 ppm
aromatics
-CH-
180-200 ppm
aldehydes
-CHO
120 Hz
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This method should, in principle, compensate for the differences in the 1JCH coupling 
constant (Figure 12), which is one of the main reasons why the [1H, 13C]-HSQC experiment 
is not considered to provide directly quantitative information [50]. The [1H, 13C]-HMBC 
experiment was optimized for the long-range couplings (8 Hz) to reveal the connectivity 
over glycoside bonds. The quantitation was based on the integral areas of G2 + S2,6/2, 
assuming neither of those carbons would be substituted [69]. This method was chosen as 
the signals of G and S units are usually well identified in the [1H, 13C]-HSQC spectrum and 
they all have one attached proton. Similar T1 relaxation and off-set characteristics are also 
assumed, as they are part of the globular gross lignin structure. [1H, 13C]-HSQC experiment 
was also chosen over the more exploited 1D 13C NMR for quantitation in lignins as the 
inter-unit linkages are not well resolved from the 1D 13C NMR spectrum.   
 1D 31P{1H} NMR spectra were measured at 293 K using a 500 MHz (1H) Bruker 
Avance III NMR spectrometer equipped with a 5 mm broadband observe (BBO) probe 
head. For the quantitative 31P NMR analyses, the studied samples were phosphorylated 
using the experimental procedure described elsewhere [ 75 ]. 31P NMR spectra were 
measured from freshly prepared samples. The method assumes all free hydroxyl groups in 
lignin to be phosphorylated and therefore give quantitative information about the distinct 
lignin structures and functionalities from the 31P NMR spectra. The presence of water in 
the lignin sample severely downgrades the usability of this method as the phosphorylation 
reagent vigorously reacts with water. Although not used in this study, Fourier Transformed 
Infrared Spectroscopy (FTIR) method could be used to follow the content of the free –OH 
groups in lignin prior to the 31P NMR measurements, similarly as in lignin acetylation in 
order to dissolve lignin in highly volatile organic solvents [76] [77]. 
4.1.3. Results and discussion 
The inter-unit linkages were determined from the 2D [1H, 13C]-HSQC NMR spectra using 
Hα-Cα correlation signals (with the exception of Hβ-Cβ in the α-oxidized β-O-4’structure) 
and compared to the total C9 (0.5S2,6 + G2) unit integral (Figure 14). The lignin subunits 
detected are presented in Figure 13. Based on the integrals, steam explosion alters the 
wheat straw lignin structure in several ways. The amount of inter-unit linkages and 
structural characteristics detected in wheat straw lignin before (EMAL) and after the SE
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treatment are shown in Table 1.
 
Figure 13 Main lignin structures detected in 2D [1H, 13C]-HSQC NMR. (A) β-O-4’, (Aacyl)
β-O-4’alkyl-aryl ethers with acylated γ-OH, (Aox) Cα-oxidized β-O-4’ structure, (B) 
phenylcoumaran (β-5’), (C) resinol (β-β’), (D) dibenzodioxocin (5-5’ –O-4’), (E) α,β-
diarylether, (F) spirodienone (β-1), (I) cinnamyl alcohol, (J) cinnamyl aldehyde, (PCA) p-
coumarate, (FA) ferulate, (H) p-hydroxyphenyl unit, (G) guaiacyl unit, (S) syringly unit, 
and (S’) Cα-oxidized unit. Reprinted with permission from Heikkinen et al., Journal of Agricultural 
and Food Chemistry 43(62). Copyright (2014) American Chemical Society.
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Table 1. Amount of main inter-unit linkages and structural components detected in wheat 
straw lignin before and after steam explosion treatment from the signals observed in [1H, 
13C]-HSQC NMR spectra.   
Wheat straw
Interunit linkagea EMAL SE
β-O-4’ (G + S) 66 51
β-O-4’ (S) 41 26
β-O-4’ (G) 25 25
β-5’ 10 16
β-β 5 3
5-5’ -O-4’ 8 2
β-1 (including SD) trace trace
α-oxidized β-O-4’ b 6 2
α,β-diaryl ethers 3 1
Cinnamyl alcohol 0.7 0.6
Cinnamyl aldehyde 1.4 1.5
Aromatic units a
S/G ratio 0.6 0.4
PCA 11 5
FA 2.7 1.9
PCA/FA ratio 4.0 2.6
Tricin 13 2
a Expressed as the number per 100 C9 units (0.5S2,6 + G2).
b Hβ-Cβ correlation signal integral. 
Reprinted with permission from Heikkinen et al., Journal of Agricultural and Food Chemistry 43(62). 
Copyright (2014) American Chemical Society.
  
It was observed that S-type β-O-4’ inter-unit linkages were substantially cleaved (36% 
decrease). This dominating lignin depolymerization reaction is well known in the literature 
[78] [79]. Another, and perhaps more interesting, reaction was observed in the increase in 
the amount of phenylcoumaran (β-5’) inter-unit linkages after the SE treatment. This 
reaction, in acidic conditions, has been previously observed in the literature and was 
attributed to competing repolymerization/depolymerization reactions [80] [81]. Also, a 
substantial decrease for the cinnamic acids was observed, particularly p-coumaric acid, 
which is known to acylate a portion of γ-OH of the lignin side chain in grass. 
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Figure 14 2D [1H, 13C]-HSQC NMR spectra of wheat straw lignin before and after SE 
treatment. Side-chain and aromatic/unsaturated regions are shown together with inter-unit 
linkages and main lignin structures assignment. Carbohydrates are colored grey. Signal 
identification was based on literature and [1H, 13C]-HMBC NMR spectra. [64] [82 ] 
Reprinted with permission from Heikkinen et al., Journal of Agricultural and Food Chemistry 43(62). 
Copyright (2014) American Chemical Society. 
 
A significant loss of tricin was observed (85 %). Tricin incorporation in lignin via β-O-
4’inter-unit linkages has been demonstrated in the literature. [64] To further elucidate the 
lignin structure, quantitative 1D 31P{1H} NMR was measured. The 31P{1H} NMR spectra 
of phosphitylated lignins before and after the SE treatment together with tricin model 
compound are shown in Figure 15. To verify signals originating from the tricin molecule 
in the 31P NMR spectra, a model compound was used. As seen from the 31P NMR spectrum, 
three distinct chemical shifts at 136.40 ppm, 137.67 ppm, and 141.96 ppm are tentatively 
assigned to 7-OH, 5-OH, and 4’-OH hydroxyl groups, respectively (Figure 15). 31P NMR 
spectra also confirm the presence of tricin in wheat straw lignin and its partial cleavage in 
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the SE treatment. Significantly less intense signal of C4’-OH indicates its role in linking to 
lignin. The quantitative results of the amounts of the tricin molecule before and after the 
SE treatment were calculated as 0.15 and 0.02 mmol/g of lignin, respectively, based on the 
C7-OH signal integral with the assumption that all –OH groups are phosphitylated. 
Figure 15 1D 31P{1H} NMR spectra of wheat straw lignin before (A) and after SE 
treatment (B) and tricin model compound (C). The inset shows the molecular structure of 
tricin with three different OH-groups in the molecule. Reprinted with permission from Heikkinen 
et al., Journal of Agricultural and Food Chemistry 43(62). Copyright (2014) American Chemical Society.
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4.2 Zeolite structure elucidation and quantitative Brönsted acid site determination using 
1H, 27Al and 29Si MAS NMR experiments (PUBLICATION II) 
4.2.1. Introduction 
Zeolites are open-framework aluminosilicates, formed from open arrangements of AlO45-
and SiO44- tetrahedra linked by shared oxygen atoms and described by the general oxide 
formula [83]:
Mx+y/x[(AlO2)y(SiO2)1-y] • nH2O,      (4.1) 
where the part within the brackets represents the lattice. Extra-lattice cations (Mx+) must 
be present to preserve electrical neutrality. Additionally, water of hydration is also usually 
present but is not part of the lattice structure. Catalytic activity of zeolites is generated by 
changing the extra-lattice cations to H+ (''acid form'') [83]. The process is sketched out in 
Eq. (4.2) 
    NH4+                                         723 K 
           ''exchange''                                 ''calcine''     
zeolite-Mx+ →               zeolite-NH4            →    zeolite-H+ + NH3 ↑    (4.2)
                    ammonium form                     acid form
The acid form of a zeolite acts as a strong acid catalyst and is used in reactions such as 
cracking, isomerizations, alkylations and hydrogen transfers [84] [85] [86]. As the acidity 
and the pore structure of zeolites are unique, they are chosen depending on the reactant 
used and the desired products. The size- and shape-selective characteristics of the zeolites 
originate from the unique framework structure and the nomenclature is traditionally based 
on the unit cells and lattice structure formed therein [86]. Examples of widely employed 
zeolites include faujasite type (e.g zeolite X and Y) [87] [88], mordenite type (e.g. zeolite 
beta) [89] [90] and pentasil type (e.g. ZSM-5) [91] [92] lattice structures. One of the 
interesting application areas where zeolites can be used is the production of aromatics from 
the biobased feedstock. The zeolites offer the acidic platform and provide the shape 
selectivity for aromatics production. In this work, the potential of using different zeolite 
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materials for aromatics production using crude sulphate turpentine (CST) was evaluated. 
CST is a byproduct formed during a Kraft pulping process of pinewood and contains 
mainly monoterpenes, which can be converted into other monoaromatics [93]. 
4.2.2. Materials and methods 
Multinuclear solid-state NMR techniques were used to characterize zeolite structures in 
detail; 1H MAS NMR was used to measure quantitatively the Brönsted acid sites, 29Si MAS 
NMR to measure the framework Si/Al ratio, and 27Al MAS NMR to reveal the amount of 
framework (AlIV) and non-framework Al (AlVI). Zeolite catalysts (Molecular Sieve 13X 
(FAU X), Mordenite (MOR) and Faujasite Y (FAU Y)) were obtained from commercial 
sources; 13X (FAU X) from Union Carbide and Mordenite (MOR) and Faujasite Y (FAU 
Y) from Zeolyst. The zeolite material characteristics are shown in Table 2.
Table 2. Structural details of the studied zeolite materials. 
Catalyst Zeolite SiO2/Al2O3a Na2O (wt-%) a BET (m2/g) Pore size (Å)
CBV600 FAU Y 5.2 0.2 660 7.44 b
CBV21A MOR 20 0.08 500 7.0 × 6.7 c
13X FAU X 2.5±0.5 9.56 412 7.4 b
a Value obtained from the manufacturer 
b See ref [94]
c See ref [95] 
Reprinted with permission from Linnekoski et al., Organic Process Research & Development 18. Copyright 
(2014) American Chemical Society.
All NMR measurements were carried out at 293 K using an Agilent narrow-bore 600 MHz 
(1H) NMR spectrometer equipped with a 3.2 mm-o.d. HXY MAS probe head. For the 1H
MAS NMR experiments, the samples were dehydrated at 673 K for 4 h under dry nitrogen 
gas flow. After dehydration, the samples were loaded into 3.2 mm-o.d. zirconia rotors 
under nitrogen atmosphere. For each 1H NMR spectra, 128 transients were accumulated 
with 2.85 μs (π/2) pulse, 30 s recycle delay, and a MAS rate of 20 kHz [96] [103]. For the 
quantitative OH group determination, a full rotor of Q8M8 (octakis-
(trimethylsiloxy)silesquioxane, Chymos GmbH, CAS No. 51777-38-9) was used as an 
external standard. The area of the spectrum of a known weight of reference (Q8M8) was 
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compared with the spectrum area of a known weight of the unknown samples (spin 
counting) and the amount of OH groups per gram was determined (Table 3) [97].
27Al MAS and 29Si MAS NMR experiments were carried out on samples in the 
hydrated form. For the 29Si MAS NMR measurements, 20,000 transients were accumulated 
using 3 μs pulse (π/4), 10 s recycle delay and MAS rate of 10 kHz [98]. The framework 
Si/Al ratios were determined (Table 4) from the 29Si MAS NMR spectra using the 
following equation [99]: 
ௌ௜
஺௟ ൌ σ ܫܵ݅ሺ݊ܣ݈ሻ௡ୀସ௡ୀ଴ Ȁσ
௡
ସ ܫܵ݅ሺ݊ܣ݈ሻ௡ୀସ௡ୀ଴ ,      (4.3) 
where n in Si(nAl) is determined by the number of Al surrounding Si in the framework and 
I Si(nAl) is the peak area of each Si(nAl) species in the 29Si MAS NMR spectrum (see 
Figure 17 as an example) [100]. The equation 4.3 can be used to evaluate the Si/Al ratio 
when the Loewenstein’s rule is fulfilled, i.e. no Al-O-Al bond is allowed [101]. 27Al MAS 
NMR spectra were measured to observe ratios of different Al species. In the 27Al MAS 
NMR experiments, 4000 transients were accumulated using a short 1 μs pulse, 2 s recycle 
delay, and MAS rate of 20 kHz [102]. In all cases, a background signal, run under identical 
conditions with an empty rotor, was subtracted from the spectra. NMR spectra were 
processed using the GSim software. The chemical shift assignment was carried out 
according to the literature [103] [104]. 
4.2.3. Results and discussion 
All the studied zeolites are large pore zeolites (>7 Å) and possess several types of acid 
sites, which participate in the reactions and affect the reactivity. In this study, 1H MAS 
NMR was used to measure quantitatively the Brönsted acid sites (i.e. bridging SiOHAl 
groups) from these zeolites. The 1H MAS NMR spectrum of faujasite Y (Si/Al 8.4) is 
shown in Figure 16. 
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Figure 16 1H MAS (20 kHz) NMR spectrum of zeolite FAU Y (Si/Al 8.4) with signal 
assignments. Peak deconvolution was carried out using GSim [128]. Reprinted with permission 
from Linnekoski et al., Organic Process Research & Development 18. Copyright (2014) American Chemical 
Society.
Based on the results, FAU Y shows the highest number of Brönsted acid sites (450 μmol/g)
whereas FAU X (70 μmol/g) has the lowest which is tentatively assumed to originate due 
to the higher Na2O amount in FAU X. This is not removed during the dehydration process. 
Also, a broad signal at 7-8 ppm was observed in 1H NMR spectrum and assigned to residual 
template (i.e. hydrocarbons within the zeolite structure) as the samples were not calcined 
in air to drive this off prior to 1H NMR measurements. Whereas FAU Y and FAU X showed 
moderate amounts of residual template, the 1H MAS NMR spectrum of MOR was 
dominated by it, and an accurate acid site determination was not possible. Since the OH 
group determination is based on the use of an external standard (Q8M8) and the signal 
deconvolution was needed in order to separate different hydroxyl groups, an error marginal 
of 5 % was estimated for the OH and H amounts.  
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Table 3. Quantitative OH amounts and the total number of H in each sample based on 1H
MAS NMR spectra.  
Amount (μmol/g)± 5%
Zeolite Acid OH AlOH SiOH Residual template Total amount of H
FAU Y 450 262 489 1388 2589
MOR n.m. n.m. n.m. n.m. 11580
FAU X 68 73 46 1785 1972
Reprinted with permission from Linnekoski et al., Organic Process Research & Development 18. Copyright 
(2014) American Chemical Society.
Figure 17 29Si MAS (10 kHz) NMR spectrum of FAU X (Si/Al 1.4) with chemical shifts 
and signal assignations. Peak deconvolution was carried out using GSim [128]. Reprinted 
with permission from Linnekoski et al., Organic Process Research & Development 18. Copyright (2014) 
American Chemical Society.
27Al MAS NMR spectra were measured to observe the ratios of different Al species (Table 
4). Three main different types of Al species were observed and assigned according to their 
isotropic chemical shift range: four-coordinated framework aluminum (Al(IV)FR) around 
75-50 ppm, five-coordinated non-framework aluminum (Al(V)NFR) around 40-30 ppm and 
six-coordinated non-framework aluminum (Al(VI)NFR) around 20-0 ppm (Figure 18)
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Figure 18 27Al MAS (20 kHz) NMR spectrum of FAU Y (Si/Al 8.4) with chemical shifts 
and signal assignations. The central transition signal of 27Al (I=5/2) is shown. Peak 
deconvolution was carried out using GSim [128]. Reprinted with permission from Linnekoski et 
al., Organic Process Research & Development 18. Copyright (2014) American Chemical Society.
[105]. The results show that in FAU Y 38% of the total amount of Al is located in the 
framework whereas the framework Al in FAU X is 97% (Table 4). The framework Al is 
directly proportional to the amount of Brönsted acid sites (bridging SiOHAl). Although 
FAU X shows the highest Al(IV)FR but lowest acid amounts, is due to fact that this sample 
had so much Na present which take the place of the H+ acid sites. In 
dealumination/realumination processes, for example in dehydration pretreatment, 27Al 
NMR can be used to follow how the acid sites change. In this work, 27Al NMR data was 
only used qualitatively and to support the conclusions. 
Table 4. Si/Al ratios and the percentages of different Al species of the studied zeolite 
catalysts. 
Zeolite SiO2/Al2O3a SiO2/Al2O3 b Al(IV)FRc Al(V)NFRc Al(VI)NFRc
FAU Y 8.4 5.2 37.9 8.4 53.7
MOR 15.7 20 34.6 38.6 26.8
FAU X 1.4 2.5 96.9 0.1 3.0
a Calculated based on 29Si MAS NMR spectra using eq. 4.3 
b Value obtained from the manufacturer 
c Evaluated based on 27Al MAS NMR spectra 
Reprinted with permission from Linnekoski et al., Organic Process Research & Development 18. Copyright 
(2014) American Chemical Society.
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Based on the results, the FAU Y gave the best selectivity for the wanted p-cymenes. FAU  
Y shows the highest Brönsted acidity from the three tested zeolites and in this case, seemed 
to be best suited for the conversion. Zeolites possess different types of acid sites and with 
different strengths, which affect the reactivity and participate in the reactions. The presence 
of template molecules may harm the catalyst operation by interfering with the acid sites. 
Also, the amount of Brönsted acid sites in these catalysts is probably higher than the 
measured value as the template severely affects the 1H MAS NMR spectrum and 
complicates the peak deconvolution. However, the zeolite materials seem to be suitable for 
the aromatics production using CST as a starting material.  
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4.3 Determining the degree of substitution of modified cellulose materials with 13C
CP/MAS NMR (PUBLICATION III and IV)
4.3.1. Introduction
Cellulose comprises around 40-45% of the dry weight of wood. [106] Cellulose is a linear
polysaccharide consisting of glucose units linked by (1→4)-β-glycosidic linkages (Figure
19). The (anhydro)glucose units (AGU) are rotated 180° with respect to each other, so that
(anhydro)cellobiose is the smallest structural element of cellulose. As the glucose units
contain hydroxyl groups (six per (anhydro)cellobiose), the cellulose chains form both intra-
and intermolecular hydrogen bonds. This strong hydrogen-bonding network affects the
chemical and physical properties of cellulose; celluloses are usually water insoluble with
increasing degree of polymerization (DP), and favor crystallization and formation of
fibrillar structures [107] [108]. The number of polymerized glucose units (DP) varies
according to the origin of the cellulose and for some bacterial celluloses can be as high as
10,000 [109].
Figure 19 A schematic view of cellulose polymer, where the intra- and intermolecular
hydrogen bonds are shown. The hydrogen-bonding network is different between cellulose
polymorphs.
Cellulose has at least six polymorphs, designated as I, II, IIII, IIIII, IVI and IVII [110]. The
crystalline form I is the native form of cellulose (produced by biosynthesis in higher plants)
and is found as a mixture of two different polymorphs, Iα and Iβ [111]. Other crystalline
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forms may be obtained from the native form of cellulose I but cellulose II has been found 
forming natively in some mutant bacterial strains [112] [113]. The arrangement of cellulose 
chains in crystalline form I have a parallel chain direction (Iα and Iβ have different hydrogen 
bonding patterns due to different unit cells), whereas in cellulose II, thermodynamically 
the most stable form of cellulose, the arrangement is antiparallel. Upon heating, the native 
crystalline form I of cellulose also tends to form the more stable Iβ form [114]. The non-
crystalline part of cellulose is usually named amorphous cellulose.    
Cellulose fibrils, with varying diameters, are potential molecules for composite 
materials ranging from packaging applications to building materials [115] [116]. For the 
composite applications, hydrophobicity is introduced into the fibrillar structure. This is 
usually done via esterifications and etherifications of the hydroxyl groups within the 
cellulose and to produce the corresponding derivatives of cellulose [117] [118]. Solid-state 
13C NMR spectroscopy is widely used to observe and measure the modification degree, i.e. 
the degree of substitution (DS) of these cellulose derivatives [119] [120] [121] [122]. 13C
NMR can also directly identify the changes in cellulose fibril crystallinity upon chemical 
modifications, making it an invaluable technique especially for studying microfibrillar 
cellulose (MFC) and nanofibrillar cellulose (NFC) modified materials [123] [124].  
4.3.2. Materials and methods 
13C CP/MAS NMR was used to determine the DS from various types of cellulosic 
materials. All cellulose was obtained from UPM-Kymmene Oy. Hydroxypropyl cellulose 
(HPC) and the cellulose esters were prepared according to procedures described in the 
literature [125] [126]. 
All samples were dried under vacuum overnight before the NMR analysis. The 
prepared modified cellulose samples were analyzed using 13C NMR. The 13C CP/MAS 
NMR spectra were measured using a Chemagnetics 270 MHz (1H) NMR instrument 
equipped with a 6 mm MAS NMR probe head. For all the samples, 20,000 transients were 
accumulated using a 2 or 3 ms contact time, a 3 s recycle delay and a MAS rate of 5 kHz.  
4.3.3. Results and discussion  
13C CP/MAS NMR was used to determine the degree of substitution (DS) and to observe 
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changes in fibrillar structure. In theory, the maximum DS value can be 3 as there are three 
–OH functionalities in each glucose unit. The characteristic cellulose signals, and carbon 
moieties from the modified cellulose fibrils could be identified from the 13C NMR spectra. 
As an example, 13C CP/MAS NMR spectrum of NFC butyrate (DSNMR = 0.2) is shown in 
Figure 20. For the HPC, the DS was determined by comparing signal area of the methyl 
and the C1 signal of cellulose with the aid of peak deconvolution using Gaussian line 
shapes [127]. For the NFC esters, the DS was determined by comparing the signal area of 
the acyl carbons with the areas of the cellulose carbons. For the MFC hexanoate esters, the 
DS was determined comparing the signal area of the carbonyl and the α-methylene signals 
and the C1 signal of cellulose with the aid of peak deconvolution using Gaussian line 
shapes. The obtained DS values were compared with the XPS data (Table 5 and Table 6). 
Although the data from NMR is not strictly quantitative, due to the CP dynamics, they can 
be compared relatively when comparing the same type of groups in the NMR spectra. In 
this study the obtained DS values are compared in relation to other samples in the same 
series. For the NFC esters (Table 5), the DS values are basically the same, with the 
exceptions of palmitate and butyrate, within the error marginal.  
Table 5. Obtained degrees of substitution (DS) of NFC esters determined with XPS and 
NMR methods. 
Sample DS ± 0.05 (XPS) DS ± 0.05 (NMR)
NFC butyrate 0.4 0.2
NFC butyratea 0.1 0.1
NFC palmitate 0.3 0.1
NFC palmitatea 0.2 0.1
NFC hexanoateb 0.8 0.7
NFC benzoate 0.3 0.2
NFC naphtoate 0.4 0.3
NFC diphenyl acetate 0.8 0.7
NFC stearateb 0.7 0.6
a Reaction conducted in acetone 
b 375 mmol of the corresponding acid chloride was used in the preparation 
Reprinted with permission from Vuoti et al., Cellulose 20. Copyright (2013). Springer Science Business 
Media Dordrecht.
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XPS detects mainly the surface of the cellulose and assumes the structure to be uniform 
throughout the fiber. However, NMR is a bulk method and measures the bulk of the 
structure. The results imply that there is a uniform distribution of modified species within 
the molecular structure, and that palmitate and butyrate esters also show small amounts of 
non-uniform distributions. On the other hand, DS values obtained for HPC and MFC 
hexanoate esters (Table 6) are different.  
Table 6. Degrees of substitution (DS) of HPC and MFC hexanoate esters determined with 
XPS and NMR methods. 
Sample DS ± 0.05 (XPS) DS ± 0.05 (NMR)
HPC1 0.5 0.5
HPC2 0.1 0.1
MFC hexanoate 1 1.4 0.6
MFC hexanoate 2 1.3 0.6
MFC hexanoate 3 1.3 0.6
MFC hexanoate 4 1.8 0.7
MFC hexanoate 5 1.5 0.7
MFC hexanoate 6 1.9 0.7
MFC hexanoate 7 1.6 0.7
Reprinted with permission from Vuoti et al., Carbohydrate Polymers 96. Copyright (2012). Elsevier Ltd.
The HPC samples imply a uniform distribution of modified species within the molecular 
structure, whereas the MFC hexanoate esters are mainly modified on the surface of the 
fibrillar structure.  
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Figure 20 13C CP/MAS NMR spectrum of NFC butyrate (DS = 0.2) with signal 
assignments. Cellulose assignments are marked with C-1 to C-6 (Cr indicate crystalline 
and am amorphous). Butyrate assignments are marked with C=O, -CH2-, and -CH3.
Chemical structure illustration shows an example where the cellulose polymer (n = number 
of glucose units) is modified to C-6 position. NMR spectrum was processed using GSim 
software. [128] Adapted with permission from Vuoti et al., Cellulose 20. Copyright (2013). Springer 
Science Business Media Dordrecht.
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4.4 Metal-donor interaction elucidation in Ziegler-Natta catalysts using chemical shift 
anisotropy data from 13C CP/MAS NMR experiments (PUBLICATION V) 
4.4.1. Introduction 
Ziegler-Natta (ZN) catalysts are advanced catalysts used for polymerization of olefins, 
especially polypropylene (PP) [129]. The composition of an active ZN is usually based on 
a MgCl2/TiCl4/electron donor system (internal/external donors) and a cocatalyst (e.g. 
AlEt3). The role of the donor(s) is to regulate the stereochemistry and molecular weight 
distribution (MWD) of the polymerization product. [130] The ZN catalysts are named after 
the used electron donor compounds: third generation (benzoate), fourth generation 
(phthalate) and fifth generation (diether) [131]. As the electron donor plays a vital role in 
catalyst performance structural information regarding its interactions within the catalyst 
system is needed to develop new catalyst modifications.  
4.4.2. Materials and methods 
In this study, the spinning sideband (ssb) pattern was utilized for the characterization of 
metal-donor interaction in active ZN systems via the observation of the carbonyl moiety of 
the donor in 13C CP/MAS NMR spectra using low MAS rates. At low MAS rates, the 
spectrum gives spinning sideband patterns formed by incomplete CSA removal. For 
individual chemical shifts, three principal components (δ11, δ22, δ33) can be derived (Figure 
21).  
Figure 21 Principal components describing CSA. 
The principal components follow the high frequency positive order (δ11> δ22> δ33) and the 
isotropic chemical shift (δiso) can be simply calculated δiso = 1/3(δ11+δ22+δ33) [132]. The 
anisotropy value (δaniso) describes the largest deviation from the centre of gravity and can 
be described by δaniso = δ11 – (δ22 +δ33)/2. The asymmetry parameter (η) describes the shape 
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of the spinning sideband pattern based on the deviation from axially symmetry. The 
asymmetry parameter can be calculated as (δ33– δ22)/(δ11– δiso) and hence 0 ≤ η ≥ 1 [11]
[133] [134] [135] [136]. The CSA parameters (δaniso and η) were obtained from the (δ11,
δ22, δ33) values according to the Haeberlen convention using an online converter [137]. 
Composition of the studied Ziegler-Natta catalysts and model compounds are shown in 
Table 7. Model compounds (a-e) are based on two-component systems (donor and 
TiCl4/MgCl2) whereas active ZN catalysts (a-d) contain both donor(s), TiCl4 and MgCl2
with varying amounts. The chemical structures of the donor compounds used in the studied 
materials are shown in Figure 22. 
Table 7. Composition (donor molar ratio relative to Ti/Mg) of the studied ZN catalysts and 
model compounds.  
ZN catalyst Donora Donor Ti Mg
Model a DEP 1 1 -
Model b EBE 1 1 -
Model c DEP/DEHP 0.5/0.5 1 -
Model d DEP 0.075 - 1
Model e EBE 0.1 - 1
Catalyst a DEP 0.05 0.05 1
Catalyst b EHBE n.m.b n.m. n.m.
Catalyst c DEHP 0.09 0.1 1
Catalyst d DiBP 0.1 0.1 1
a DEP = diethyl phthalate, EHBE = 2-ethylhexyl benzoate, DEHP = bis(2-ethylhexyl) 
phthalate, EBE = ethylbenzoate, DiBP = di-isobutyl phthalate.  
b n.m. = not measured 
Reprinted with permission from Heikkinen et al., Solid State Nuclear Magnetic Resonance 43-44. Copyright 
(2012) Elsevier Inc.
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Figure 22 Chemical structures of the donor compounds used in this study. 
For the solid-state 13C NMR measurements, samples were dried in vacuo at 60 °C and
loaded into 6 mm-o.d. zirconia rotors with a push-on KEL-F cap under nitrogen 
atmosphere. All 13C NMR measurements were carried out using a Chemagnetics 270 MHz 
(1H) NMR spectrometer. The 13C NMR spectra were acquired at 298 K with variable-
amplitude (VA) cross-polarization (CP) MAS sequence with carbon background 
suppression [138] [139]. For all the samples, 17,000 transients were accumulated using a 
5 ms contact time and a 3 s recycle time. For the CSA studies, low MAS rates between 1.4 
and 1.8 kHz were used to reveal the spinning sideband pattern. The ordinary 13C CP/MAS 
experiments were carried out using MAS rates between 4 and 5 kHz.  
4.4.3. Results and discussion 
Even though 13C CP/MAS revealed the characteristic signals of the studied samples, the 
isotropic chemical shifts revealed no information of the donor-metal interaction in this 
sample series. However, using the principal component data in combination with the CSA 
calculation it was possible to obtain the anisotropy and asymmetry parameters. 13C
CP/MAS NMR spectra of TiCl4/DEP using MAS rate 4.4 kHz (left) and 1.4 kHz (right) 
are shown in Figure 23. 
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Figure 23 13C CP/MAS NMR spectra of TiCl4/DEP using MAS rate of 4.4 kHz (left) and 
1.4 kHz (right). Characteristic carbon signals (left) and the approximate principal 
components for the carbonyl moiety (right) are shown. Spinning sidebands are marked with 
asterisks. Spectrum was processed using GSim software [128]. Reprinted with permission from 
Heikkinen et al., Solid State Nuclear Magnetic Resonance 43-44. Copyright (2012) Elsevier Inc.
Based on the experimental data (Table 8) we postulated that the sign of the anisotropy δaniso
(+/−) indicates to which metal (Mg/Ti) the carbonyl of the donor molecule is coordinating: 
a negative value indicates coordination to Ti and positive to Mg. We also found out that 
based on the asymmetry parameter value (η) both model compounds and active ZN
catalysts can be divided into two classes: samples with η value near 0.5 and samples with 
η value near 1. As the η value stems from the symmetry of electrons around the carbonyl 
moiety, we concluded that higher asymmetry values indicate more complex interactions, 
i.e. larger variety of interactions whereas asymmetry values close to 0.5 indicate interaction 
modes taking place in a simple manner. 
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Table 8. Anisotropy data for the studied model compounds and ZN catalysts derived from 
low MAS NMR data. 
Compound δ11 (ppm 
± 0.3)
δ22 (ppm 
± 0.3)
δ33 (ppm 
± 0.3)
δiso(ppm 
± 0.3)
δaniso (ppm ±
0.3)
δiso experimental
(ppm ± 0.2)
η (± 0.01)
Model a 241.1 197.3 109.6 182.7 −109.6 175.3 0.60
Model b 240.9 196.0 106.3 181.1 −112.1 173.6 0.60
Model c 232.1 194.0 117.3 181.1 −95.8 175.2 0.60
Model d 239.5 148.7 103.0 163.7 +113.7 171.6 0.60
237.5 146.7 101.3 161.9 +113.5 169.6 0.60
Model e 223.4 171.6 120.7 171.9 +77.3 171.5 0.99
Catalyst a 239.4 174.1 110.2 174.6 +97.2 172.8 0.99
Catalyst b 215.0 171.4 128.2 171.5 +65.2 171.4 1.00
Catalyst c 222.5 148.5 124.0 165.0 +86.3 173.6 0.43
Catalyst d 241.8 150.6 106.1 166.1 +113.5 173.4 0.59
Reprinted with permission from Heikkinen et al., Solid State Nuclear Magnetic Resonance 43-44. Copyright 
(2012) Elsevier Inc.
It seems that exploitation of the low MAS 13C NMR in combination with CSA calculations 
can be a promising tool for obtaining detailed information within donor-transition metal 
interaction in active ZN catalyst materials. Further studies with a more complete catalyst 
series together with prediction of CSA parameter from density functional theory (DFT) are 
needed to fully understand the CSA results and to reveal the full potential of CSA in the 
characterization of ZN catalysts. A methodology used previously only for model 
compounds [ 140 ] could now be applied to more complex catalyst systems used in 
polypropylene polymerization.  
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5 Conclusions 
NMR spectroscopy provides quantitative information of materials at the atomic level in a 
manner that cannot be obtained with any other existing analytical tool. The wide 
applicability of NMR spectroscopy has been demonstrated in this study to be suited for 
different types of materials covering lignin, cellulose, zeolites and ZN catalysts. Much of 
the unique information that is provided by NMR is due to the fact that it is a bulk method 
and is non-destructive. This is especially important factor among lignin research where the 
isolation process already alters the heterogeneous polymeric structure of lignin and further 
cleavage is unwanted. The detailed structural information taking place in wheat straw 
lignin upon steam explosion using 1D and 2D NMR techniques was shown. According to 
the NMR data, the main reactions of lignin were the cleavage of β-O-4 linkages and the 
formation of β-5 linkages upon SE. Confirming the presence of tricin and postulating the 
means to calculate the amount of tricin in the lignin sample using 31P NMR experiment 
was conducted. The 2D NMR data suggested almost total removal of tricin and significant 
reduction of G-O-S units.   
The fact that NMR is a bulk method means it also provides tools for obtaining key 
information (degree of substitution, crystalline/amorphous) of modified cellulosic 
materials in the solid-state without sample degradation. This kind of information is very 
important in the development of new value-added chemicals and compounds.13C CP/MAS 
NMR experiments were used to calculate the DS values of several modified NFC samples 
and comparison of the results with XPS was carried out. The DS values derived from NMR 
spectra were lower compared to XPS, most likely due to the surface specificity of the XPS 
technique.  
Information throughout the chemical molecular structure is significant also for the three-
dimensional structures of alumina silicate materials such as zeolites, where the amount of 
acid sites and the overall acidity play a big role defining the catalyst properties. The 
combination of direct polarization 1H, 27Al and 29Si MAS NMR experiments provided 
useful structural information about the catalyst and quantitative information concerning the 
Brönsted acid sites. There are other analytical techniques available as well, e.g. the FTIR,
which can be used to monitor the acid OH groups directly, but is not usually quantitative, 
and primarily observes the surface species. FTIR of probe molecules can also be carried 
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out, but again, quantitation can be problematic, and not all acid sites are necessarily 
occupied by the probe molecule. 
The influence of magnetic interactions in solution and solid-state define the 
information that is obtainable from the NMR spectrum. The obtainable spectral resolution 
in solid-state is usually lower than in the liquid state due to the presence of anisotropic 
interactions, which are not averaged out. Due to this, several methods, such as MAS and 
high-power decoupling are typically employed in solid-state NMR to ensure higher spectral 
resolution and to mimic solution state conditions. However, valuable information can 
sometimes be derived only in the presence of these anisotropic interactions as shown in the 
study for ZN catalysts. The sign of the chemical shift anisotropy value and the size of the 
asymmetry values clearly depends on the coordinating metal. 
Therefore the choice of NMR experiment is important for realizing the full potential 
of the quantitative information available for a particular type of material under study. 
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